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Investigation into Production of Renewable Fuels using 
Electrolysis and Renewable Feedstocks  
Abstract 
Currently, the world is relying on non-renewable fossil fuels with declining 
reserves as the leading source of energy and product source. However, with continued 
increase in energy consumption due to the world population continuing to grow and the 
technological advancement of developing countries, relying on non-renewable fossil fuels 
is problematic. Production of high value renewable fuels such as branched chain 
hydrocarbons using electrolysis or renewable feedstocks and production of renewable 
product sources could help alleviate the demand for non-renewable fossil fuels. 
Electrolysis to produce branched chain hydrocarbons was utilized to facilitate product 
generation between carboxylic acids and olefins. Utilizing Kolbe electrolysis, a 
carboxylic acid was decarboxylated at the anode to produce a radical to attack the double 
bond on an olefin and create a new radical. The olefin radical can then dimerize with 
another carboxylic acid radical and form a branched hydrocarbon. Unfortunately, this 
usage of Kolbe electrolysis is not a viable way to create branched chain hydrocarbons. 
Straight chain hydrocarbons were produced at concentrations generally 30 to 165 times 
greater than that of the branched chain hydrocarbons.  
A possible renewable feedstock was also examined. Grindelic acid is extracted 
from the Grindelia squarrosa plant and is being examined as a renewable feedstock for 
production of branched chain hydrocarbon fuels. In order to successfully monitor the 




percent pure grindelic acid standard was successfully isolated utilizing high performance 
liquid chromatography.  
Lastly, decolorization of the carboxylic acid extract from Grindelia squarrosa 
was examined. Using activated Nuchar carbon and silica gel, a pathway for 
decolorization of the carboxylic acid extract was determined. Along with the successful 
removal of color was a 76 percent recovery of grindelic acid. This research highlights 
that continued advances in green chemistry is needed to address growing concerns about 
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Chapter 1: Introduction to Renewable Fuels 
 An increase in energy consumption coupled with declining energy reserves and 
environmental concerns have created a very problematic situation. Demand for energy 
continues to rise as the population increases and developing countries become more 
technologically advanced; however, non-renewable fossil fuels with declining reserves 
continue to dominate as the leading source of energy. Combustion of fossil fuels also 
causes an increase in greenhouse gases in the atmosphere. The increase in greenhouse 
gases in the atmosphere leads to the potential for ecosystem impacts and climate change. 
In addition, it is not economically favorable to rely on fossil fuels imported from foreign 
sources. Fossil fuel prices are continuing to rise and foreign and political conflicts may 
restrict the availability to fossil fuels.  
With energy consumption, concern over environmental impact, and fossil fuel 
prices increasing and fossil fuel reserves decreasing, alternate options for fuel sources 
need to be explored. Possible alternatives include the development and production of 
renewable fuels.  The development and production of renewable fuels could alleviate the 
problems associated with reliance on fossil fuels, and they are needed to attain a 
sustainable energy future. 
1.1 Petroleum 
Petroleum is a fossil fuel that is a naturally occurring flammable liquid that is a 
complex mixture of hydrocarbons; heteroatom compounds; metals; and hydrogen sulfide 
(U.S. Environmental Protection Agency, 2011; American Petroleum Institute, 2011). 




separated by distillation into its various components and selectively reconfigured into 
useable products (U.S. Energy Information Administration [2, 3]).  During the distillation 
process, the petroleum is heated, which causes separation of the various products into 
different fractions according to weight and boiling point (Chevron, 2013; Marcus, 1999). 
The light fraction includes gasoline, propane, and butane (Chevron, 2013; Marcus, 1999). 
The medium fraction includes kerosene, diesel fuel and jet fuel (Chevron, 2013; Marcus, 
1999). The heavy weight products are called residuum and include bunker fuel and 
petroleum coke (Chevron, 2013; Marcus, 1999). The largest percentage of useable 
petroleum products produced is transportation fuel (gasoline, diesel, and jet fuel) (U.S. 
Energy Information Administration [2,3]). Figure 1.1 represents the distillation process 
(Chevron, 2013). 
 
Figure 1.1 Petroleum Distillation Process 




A barrel of petroleum is considered to be 42 gallons; however, the total gallons of 
product produced exceed this number to total 45 gallons because of what is called 
“processing gains” (Marcus, 1999). The various products and quantities of products that 
are produced from one barrel of petroleum are represented in Figure 1.2 (U.S. Energy 
Information Administration [2,3]).  
 
Figure 1.2 Products Made from a Barrel of Petroleum (gallons)(2011) 
Source: U.S. Energy Information Administration [2,3] 
1.1.1 Petroleum Economy 
In the world, petroleum is heavily relied upon in many aspects of daily life. It 
could be argued that petroleum is one of the most important materials in use in society.  
Petroleum not only provides fuel for energy, industry, heating and most of our 
transportation infrastructure, but also the raw materials necessary for many industrial 
applications and consumer products that define the modern world (Brown and Brown, 
2012).  
The United States is one of the largest consumers of petroleum in the world as can 
be seen in Figure 1.3 which represents the world petroleum consumption in billions of 





Figure 1.3: 2012 World Petroleum Consumption (millions of barrels per day) 
Source: U.S. Energy Information Administration [1] 
In 2012, the United States consumed approximately 18.5 million barrels of petroleum per 
day, which is approximately 6.8 billion barrels of petroleum per year (U.S. Energy 
Information Administration [1]). Of those 6.8 billion barrels of petroleum per year, 
approximately 3.1 billion barrels were imported from other countries (U.S. Energy 
Information Administration [4]). This reliance on foreign countries for the import of large 
quantities of petroleum can be problematic. The United States reliance on foreign 
petroleum imports makes them vulnerable to supply disruptions, price fluctuations, and 
political dilemmas. 
 Figure 1.4 demonstrates which countries the United States obtained their 
petroleum from in 2012 in quantities of thousands of barrels (U.S. Energy Information 
administration [4]). It can be seen from Figure 1.4 that the United States relies on 
petroleum from several countries that are in areas of conflict and are sometimes led by 





Figure 1.4 U.S. Petroleum Import 2012 
Data Source: U.S. Energy Information Administration [4] 
These factors can cause a disruption in supplies or an increase in price because of 
depressed global petroleum. An example of an increase in petroleum price fluctuations 
occurred in 2004 when there was a series of explosions on an offshore oil terminal in 
Iraq, a series of attacks in Saudi Arabia, and the killing of oil workers in Nigeria (Klare, 
2004). 
Politically, the United States is forced to provide more than just money to leaders 
of major foreign suppliers in order to keep the flow of oil whether they agree with the 
foreign leaders or not (Klare, 2004). An example of one such alliance is the United State 
alliance with Saudi Arabia. In 1938, an American corporation struck oil in Saudi Arabia, 
and in the following year World War II began (Hiro, 2007). At the time the war broke out 
the United States was the World’s leading producer of petroleum; however, the war 




petroleum (Klare, 2004; Hiro, 2007). To this day, the United States relies on Saudi 
Arabia for petroleum and the Saudi Arabian government in turn relies on the United 
States. This alliance forces the United States to provide aid to Saudi Arabia for defense 
against its adversaries in an area long known for conflict (Klare, 2004; Hiro, 2007). 
1.1.2 Supply and Demand 
The world’s supply of petroleum is not sustainable or sufficient for growing 
demand and the environmental impact along with rising cost is too significant to ignore 
(Brown and Brown, 2012). The world does not have an infinite supply of petroleum, and 
world production will peak and begin to decline. Oil production peaking is when a 
reservoir has reached its maximum production rate where roughly half of the available oil 
has been produced and production begins to decrease (Hirsch et al, 2007). When this 
happens, there will still be petroleum; however, world oil production will never be able to 
increase (Hirsch et al, 2007). Some countries such as the United States have all already 
peaked (although production over the past few years has been increasing due to 
unconventional oil production), and the non-Organization of Petroleum Exporting 
Countries which accounts for 60 percent of the world’s petroleum output has plateaued 
and is not expected to rise (Kerr, 2011). Disruption of the world oil production will lead 
to higher petroleum prices which in turn will negatively impact the world’s economic 
growth (Hirsch et al, 2007).  
Currently, the world’s supply of petroleum is estimated to 1,638 billion barrels 
with more than 80 percent largely concentrated in eight countries (International Energy 
Outlook 2013). Around half of the world’s supply of petroleum is located in the Middle 




petroleum by country in billions of barrels as of January 1, 2013 (International Energy 
Outlook 2013). 
 
Table 1.1 World’s Proved Oil Reserves by Country as of January 1, 2013 (Billion 
Barrels) 
Source: International Energy Outlook 2013 
Despite the threat of the peaking of world oil production, the overall energy demand is 
increasing, and it is predicted that demand will continue to increase unless there is strong 
policy action to curb petroleum energy use (International Energy Agency, 2012). Without 
strong policy action, the energy demand from the Organization for Economic 
Cooperation and Development (OECD) countries such as the United States and Europe is 
predicted to grow slowly (International Energy Outlook, 2013; International Energy 
Agency, 2012). Whereas, the energy demand from the non-OECD countries, such as 




2013; International Energy Agency, 2012). The non-OECD countries are expected to 
account for more than 85 percent of the increase in demand (International Energy 
Outlook, 2013). Figure 1.5 demonstrates the world’s total energy consumption for 1990-
2040 and the separation between energy demands for OECD and non-OECD countries 
without strong policy action (International Energy Outlook, 2013). 
 
Figure 1.5 World Total Energy Consumption from 1990-2040 (quadrillion Btu) 
Source: International Energy Outlook 2013 
1.1.3 Carbon Dioxide Emissions 
The atmosphere of the Earth is sensitive to certain gases that cause the greenhouse 
effect to be more pronounced. The greenhouse gas effect is what keeps the Earth 
habitable by keeping it warm. Energy in the form of sunlight passes through the Earth’s 
atmosphere and causes warm temperatures when it hits the surface. When that energy is 
reemitted as heat from the surface, some of the energy is trapped by greenhouse gases, 
reradiated back to the Earth, and increases the temperature. If you have elevated levels of 
greenhouse gases, then you get an overall rise in the Earth’s temperature. This rise in 




most important greenhouse gas that is increasing in the atmosphere and affecting climate 
change (Solomon et al, 2007). 
Carbon dioxide is chemically stable and can persist in the atmosphere for 
sometimes thousands of years until it is sequestered geologically (Solomon et al, 2007; 
U.S Environmental Protection Agency [2]). In 1938, Callendar linked global warming to 
the increase in CO2 in the atmosphere and the increase in CO2 to the burning of fossil 
fuels. If there are no policy changes or changes in the use of fossil fuels CO2 emissions 
will continue to rise. Figure 1.6 demonstrates the world energy related carbon dioxide 
emissions from 1990-2040 in billions of metric tons (International Energy Outlook 2013). 
 
Figure 1.6 World Energy Related Carbon Dioxide Emissions from 1990-2040 in Billions 
of Metric Tons  
Source: International Energy Outlook 2013 
1.2 Renewable Fuels 
With concerns over continued petroleum use escalating there has been more 
research into renewable fuels. Renewable fuels are fuels typically produced from organic 
matter such as grain starch, oil seed, animal fats, or other biomass; or produced from a 




that will have a decrease in its impact on the environment. The main categories of 
renewable fuels are bioalcohols, biodiesel, biogas, and bio-oil. 
Bioalcohols are made from renewable feedstocks by hydrolysis and fermentation 
and then are distilled or dehydrated (Demirbas, 2008; U.S Environmental Protection 
Agency [1]). Biodiesel is made from vegetable oils that are made of triglycerides which 
are a glycerol backbone with three fatty acid esters attached (Demirbas, 2008; U.S 
Environmental Protection Agency [1]). The fatty acid esters go through a 
transesterification in the presence of a catalyst to make biodiesel (Demirbas, 2008; U.S 
Environmental Protection Agency [1]). Biogas is made anaerobically either with bacterial 
fermentation, pyrolysis, or gasification (Demirbas, 2008). Lastly bio-oil is made through 
pyrolysis (Demirbas, 2008). 
There are two main types of renewable fuels: alternative and replacement. 
Alternative fuels are renewable transportation fuels that cannot be used in conventional 
engine systems without modifications. Replacement fuels are renewable transportation 
fuels that can directly replace current fuels without modifications to conventional engine 
systems. Figures 1.7 through 1.8 demonstrate the estimated use of alternative and 
replacement fuels from 2007 to 2011 in thousands of petroleum equivalent gallons (U.S. 
Energy Information Administration [5]). In the United States the consumption of total 
renewable fuels increased by 13 percent in 2011 (U.S. Energy Information 





Figure 1.7 Estimated Consumption of Alternative Fuels from 2007 to 2011 
Source: U.S. Energy Information Administration [5] 
 
Figure 1.8 Estimated Consumption of Replacement Fuels from 2007 to 2011 
Source: U.S. Energy Information Administration [5] 
1.2.1 Renewable Fuels Era and Green Chemistry 
Scientific advances are helping to address growing concerns about the 
environment and non-renewable product sources. In the United States, the Pollution 
Prevention Act of 1990 was the first legislation that began to focus on prevention of 
pollution in the environment by changing production, operation, and raw materials use 
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Brown, 2012). Stemming from passage of this act, the U.S. Environmental Protection 
Agency began to place restrictions on fuels to meet federal air quality standards (Brown 
and Brown, 2012) and the Office of Pollution Prevention and Toxics launched a grant 
program for “Alternate Synthetic Pathways Research” (Anastas and Kirchhoff, 2002; U.S 
Environmental Protection Agency, 2002). Passage of the Energy Policy Act in 2005 
“required the U.S. motor fuel supply to include 7.5 billion gallons of ethanol or other 
biofuels by 2012” and the Energy Independence and Security Act of 2007 called for 36 
billion gallons of biofuel production by 2022 (Brown and Brown, 2012).  
Passage of these acts has led to an increase in research in order to meet these 
demands; however, special considerations must not be ignored. With growing awareness 
about consequences of human actions on the environment, production of renewable fuels 
that can replace or supplement current fuel sources must meet certain criteria to protect 
the environment. To address environmental concerns, the 12 Principles of Green 
Chemistry were developed as guidelines for production of safer chemicals (Anastas and 
Warner, 1998). The 12 Principles of Green Chemistry are prevention of waste; atom 
economy; less hazardous chemical synthesis; designing safer chemicals; safer solvents 
and auxiliaries; design for energy efficiency; use of renewable feedstocks; reduce 
derivatives; catalysis; design for degradation; real-time analysis for pollution prevention; 
and inherently safer chemistry for accident prevention. The passage of these, coupled 
with safer chemical research has brought on the renewable fuels era in which reliance on 





Electrochemistry is the branch of chemistry that deals with the relations between 
electrical and chemical phenomena through reduction-oxidation reactions (Bockris and 
Reddy, 1998; Creighton and Koehler, 1944; Oxford Dictionaries). There are three main 
applications of electrochemistry: electrochemical analysis, batteries and fuel cells, and 
chemical synthesis. Electrochemical analysis measures either the current while keeping 
the potential the same or the potential by keeping the current the same, both qualitatively 
and quantitatively in an electrochemical cell (Encyclopedia Britannica [1]). Batteries and 
fuel cells are an electrochemical cell from which energy in the form of electric power is 
produced (Creighton and Koehler, 1944). Chemical synthesis is also known as 
electrolysis and is the use of electric current to facilitate chemical reactions that normally 
do not occur alone (Encyclopedia Britannica [2]). 
An electrochemical cell is made up of an electronic conductor and ionic conductor 
(Bockris and Reddy, 1998). The electronic conductor is generally a set of electrodes that 
is connected to an external electrical source (Bockris and Reddy, 1998; Creighton and 
Koehler, 1944). The electrode where reductions occur is called the cathode and the 
electrode where oxidations occur is called the anode (Creighton and Koehler, 1944). The 
ionic conductor is called the electrolyte and is generally a liquid in which charge is 
carried by the movement of ions (Bockris and Reddy, 1998; Creighton and Koehler, 
1944).  
1.3.1 Use in Renewable Fuel Production 
Electrochemical methods have been identified and utilized in green energy 
production of chemicals (Frontana-Uribe et. al., 2010; Schäfer et. al., 2007, 2011, 2012); 




realized. Conversion of levulinic acid into usable fuels and fuel additives usually requires 
multi step processes, high temperature, and high pressure (Braden et al., 2011; Lange et 
al., 2010). Nilges et al. (2012) have developed two different two-step electrochemical 
processes to convert levulinic acid to octane, which is a component of gasoline. This 
reaction decreases the amount of steps and is carried out at ambient temperature and 
pressure. In one pathway, levulinic acid is electrochemically reduced to valeric acid, and 
the valeric acid is subjected to electrochemical processes. The electrochemical processing 
of valeric acid creates the hydrocarbon octane. In the second two-step electrochemical 
pathway, levulinic acid is subjected to electrochemical processes to produce 2,7-
octandione that is then electrochemically reduced to the hydrocarbon octane. Wagner 
(2012) developed a process that can be utilized to engineer hydrocarbons that resemble 
current fuels. Utilizing myristic, palmitic, and oleic acid (all fatty acids from plants and 
animals) in methanol, Wagner performed non-Kolbe electrolysis that produced 
hydrocarbons and ethers that can be used as a renewable diesel fuel (2012). 
1.4 Renewable Feedstocks 
Renewable feedstocks are made up of biological material that can be used directly 
or be converted to fuel or energy. Identified renewable feedstocks should be developed to 
be socially, economically, and environmentally sustainable (U.S Department of Energy). 
In order for renewable feedstocks to be successful, they should not compete with the 
production of food. An example of where this is very apparent is the use of corn as a 
feedstock. Public perception of using corn as a feedstock is that the use of corn will 
negatively impact the supply of corn for consumption and displace current agricultural 




environmentally sustainable and not require subsidiaries far into the future. At some 
point, fossil fuels will largely be gone and become expensive. Renewable feedstocks 
should not face similar dilemmas as fossil fuels where subsidiaries are needed to meet 
future liquid fuels demands and should not be from a finite source that will become 
expensive as it disappears.  Also, renewable feedstock use or cultivation should not 
negatively impact the environment.  
1.5 Project Objectives 
Our first project objective for this research is to utilize Kolbe electrolysis for fuel 
production. High value fuels such as petroleum fuels are primarily a mixture of straight 
and branched chain hydrocarbons. Kolbe electrolysis will be used to take low value 
starting material that is readily available (i.e. carboxylic acids and olefins) and produce 
higher value fuels in the form of branched hydrocarbons.  The carboxylic acids used can 
be derived from catalytic conversion of cellulose and ultimately use Kolbe electrolysis to 
produce branched hydrocarbons.  If branched hydrocarbons resembling petroleum fuels 
can efficiently be synthesized, then a renewable transportation fuel could be produced 
that could be a direct replacement for current transportation fuels without changes to 
current engine systems. 
Our second project objective is to isolate grindelic acid, a renewable feedstock, 
from the extract of the Grindelia squarrosa plant. To purchase a standard of grindelic 
acid in order to determine the amount of grindelic acid in an extract from the Grindelia 
squarrosa plant is currently expensive. High performance liquid chromatography (HPLC) 




utilized as a standard in order to determine the amount of grindelic acid that has been 
extracted from the Grindelia squarrosa plant and be used as a biodiesel. 
Our third project objective is to decolorize the carboxylic acid extract from the 
Grindelia squarrosa plant. This extract has been treated to remove non-polar terpenoid 
compounds and primarily contains grindelic acid and other related organic acids. 
Although the main objective for investigation of grindelic acid is as a fuel source, this 
extract may also be used for several direct applications including as a substitute for 
abietic acid use in a variety of varnishes and lacquers or other applications where removal 
of the brown color may be required. The goal is to reduce the colored contaminants so 
that the extract has no more than a slight amber color. 
1.6 Organization of Thesis 
The three project objectives are the main guides for the organization of this thesis. 
Chapter 2 will focus on the utilization of Kolbe electrolysis for fuel production. Chapter 2 
will explain Kolbe electrolysis and its potential use in fuel production. The experimental 
design, analytical parameters, and results will also be detailed.  Lastly, any conclusions as 
to the viability for use in fuel production will be discussed. 
Chapter 3 will focus on the isolation of grindelic acid using HPLC and 
decolorization of the carboxylic acid extract from the Grindelia squarrosa plant. Chapter 
3 will discuss the plant we will obtain the grindelic acid from, grindelic acid uses, and 
grindelic acid properties and structure. The experimental design, analytical parameters, 
and results will also be detailed. Lastly, conclusions to the successful isolation of 
grindelic acid and decolorization the carboxylic acid extract containing grindelic acid 
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Chapter 2: Kolbe Electrolysis 
 This chapter discusses the products created when mixtures of carboxylic acids and 
olefins are subjected to Kolbe electrolysis. The carboxylic acids were decarboxylated at 
the anode to produce a radical and carbon dioxide. The intended fate of the produced 
radical was to react with an olefin to produce branched hydrocarbons; however, the 
largest product produced was the dimerization of two radicals from the carboxylic acid 
rather than radical attack on the olefin. Radical attack on the olefin did occur; however, it 
was not the main product of the reaction. The products of the Kolbe electrolysis reaction 
were characterized by Gas Chromatography Mass Spectroscopy (GC-MS) analysis. 
Quantitation to compare the radical dimerization to the radical olefin reaction was 
characterized by Gas Chromatography Flame Ionization Detector (GC-FID). 
2.1 Kolbe Electrolysis 
Kolbe electrolysis is a process for conversion of chemicals to useful products such 
as hydrocarbons, olefins, and alcohols. Kolbe electrolysis was first observed in 1834 by 
Faraday; however, the electrolysis was extensively examined by Kolbe in 1849 (Schäfer, 
1990). Kolbe electrolysis reactions allow for selection of reagents, solvents, and reaction 
conditions in a way that can tailor the reaction to be efficient and environmentally 
friendly. The flexibility of the reaction coupled with simplicity of the set-up lend 
credence to the possibility of this process being a viable option for large scale production 




Kolbe electrolysis is characterized by decarboxylation of carboxylic acids by 
electron transfer at the anode to produce a radical (Lund and Hammerick, 2001; Schäfer 
et. al., 1990, 2007, 2011, 2012); this mechanism can be seen in Figure 2.1.  
 
Figure 2.1: Decarboxylation to produce a radical at the anode 
 
Once produced, the radical can form products through three major pathways. One 
pathway forms a symmetrical compound when the radical dimerizes with another radical 
produced by the same carboxylic acid (Lund and Hammerick, 2001; Schäfer, 1990) as 
seen in Figure 2.2.  
 
Figure 2.2: Dimerization of two radical produced from the same carboxylic acid 
 
 
In another pathway, radicals created from two different carboxylic acids will dimerize 
(Lund and Hammerick, 2001; Schäfer, 1990) as seen in figure 2.3. 
 
Figure 2.3: Dimerization of two radicals produced from two different carboxylic acids 
 
 
Lastly, the radical can add to a double bond thus creating a new radical that can then 
dimerize with a radical similar to the original radical that attacked the double bond, 




reacts with a nucleophile, or disproportionate (Lund and Hammerick, 2001; Schäfer, 
1990) as seen in figure 2.4. 
     
Figure 2.4: Radical produced from a double bond and further reactions of the new radical. 
It can 1) dimerize with a radical similar to the original radical that attacked the double 
bond, 2) dimerize with another radical like itself, 3) become a cation after further 
oxidation that reacts with a nucleophile, or 4) disproportionate  
 
Petroleum fuels are primarily a mixture of straight and branched hydrocarbons, 
which are compounds made up of carbon, hydrogen, and sometimes oxygen. If 
hydrocarbons resembling petroleum fuels could be synthesized, then a renewable 
transportation fuel could be produced that could be a direct replacement for current 
transportation fuels without changes to engines. Kolbe electrolysis methods have been 
identified and utilized in green energy production of chemicals (Frontana-Uribe et. al., 
2010; Schäfer et. al., 2007, 2011, 2012); however, its potential as a pathway for 
production of renewable fuels has not been fully realized.  
As previously discussed, Kolbe electrolysis creates radicals from carboxylic acids 








Also, when the Kolbe radical adds to a double bond creating a new radical that can then 
dimerize, this produces branched hydrocarbons. Variation of different starting carboxylic 
acids such as those derived from catalytic conversion of cellulose could potentially lead 
to production of hydrocarbons that can be used in place of petroleum transportation fuels 
without changes to current engine systems. The versatility of this reaction and the 
relatively easy set-up make Kolbe electrolysis a viable option to scale-up to large 
production of transportation fuels. For this research, the production of a radical from 
readily available carboxylic acids followed by the carboxylic acid attacking an olefin and 
dimerizing to the original radical was examined. 
 In Kolbe electrolysis, the anode generally consists of platinum, iridium, or glassy 
carbon and the cathode generally consists of platinum, steel, or nickel (Lund and 
Hammerick, 2001; Schäfer et. al., 1990, 2007, 2012). An anode and a cathode are 
submerged in an electrolyte in an undivided cell and connected to a direct current (DC) 
power supply (Lund and Hammerick, 2001; Schäfer et. al., 1990, 2007, 2012); this set-up 
can be seen in Figure 2.5.  
 




Electrolytes utilized are generally ionic liquids, water, alcohols, or mixtures of water and 
alcohol (Frontana-Uribe et. al., 2010; Lund and Hammerick, 2001; Schäfer et. al., 1990, 
2007, 2011, 2012; Steckhan et. al., 2001). Different carboxylic acids are added to the 
electrolyte and a current is passed through the system to facilitate reactions.  Kolbe 
electrolysis usually favors high current densities (Lund and Hammerick, 2001; Schäfer et. 
al., 1990, 2007, 2012). 
2.2 Experimental 
In order to produce branched hydrocarbons using Kolbe Electrolysis, several 
variables of the reaction can be manipulated. The variables that were manipulated for this 
research were mostly the electrolyte, the starting carboxylic acid, the starting olefin, the 
concentrations of the carboxylic acid, the concentrations of the olefin, the current density, 
the electrodes, and the movement of reaction mixture. 
The chemicals used for the experiments were from a variety of sources. The 
methanol, acetone, and acetic acid were from Fisher Scientific. The propionic acid, 
butyric acid, valeric acid, and caproic acid were from Alfa Aesar. The hexene and the 
pentene were from Sigma Aldrich.  The pentene was from Airgas. The 2-methyl-2-butene 
was made in house. The hexane was from AAPER Alcohol and Chemical. 
2.2.1 Electrochemical Cell 1 
A 900 mL glass jar was fitted with a rubber stopper that had a condenser to 
minimize solvent loss and a bubbler to pump gaseous olefins into the system. The 
bubbler was sealed when non-gaseous olefins were used. An electrode assembly was 
created with a piece of platinum foil acting as the anode and two pieces of graphite plates 




in contact with copper foil (1 cm wide by 3 cm cm tall) with a piece of copper wire (8 
cm) to connect to the power supply and was sandwiched between two pieces of mesh (6 
cm wide by 6 cm tall) to prevent accidental contact with the cathode. The platinum and 
mesh were sandwiched between polyethylene plates (7.2 cm wide by 7.4 cm tall) that had 
a hole (4.3 cm wide and 6.7 cm tall) removed from the center so it went around the side 
edges leaving the middle and top open for electrolyte flow. The platinum, mesh, and 
polyethylene spacers were then sandwiched between two graphite plates (7.2 cm wide by 
7.4 cm tall). A piece of copper wire (12 cm) that branched (at 3 cm) connected to the 
outside of both graphite plates and connected to the power source. These were all held 
together with nylon bolts. The copper wire attached to the platinum foil and copper wire 
attached to the graphite plates were connected to a direct current (DC) potentiostatic 
source. A stir bar was used to allow constant mixing. Figure 2.6 demonstrates the setup 
for electrochemical cell 1. 
 




2.2.1.1 Electrolyte and Reaction Conditions for Experiments with Cell 1 
The electrolyte and reaction conditions for the experiments performed with the 
use of electrochemical cell 1 can be seen in Table 2.1 and will be further described in 
section 2.2.1.1.1. 
 
Table 2.1: Electrolyte and Reaction Conditions for the Experiments Performed with the 
use of Electrochemical Cell 1 
 
2.2.1.1.1 Experiment 1 through experiment 3 
Experiment 1 and 3 were performed to examine the possible reactions using acetic 
acid as the carboxylic acid and propene as the olefin. Experiment 2 was performed to 
examine the possible reactions using propionic acid as the carboxylic acid and propene as 
the olefin. The electrolyte used for experiments 1 through 3 was a one to one mixture of 
acetone and methanol.  
The cell construction for Experiment 1 through Experiment 3 was not conducive 
to Kolbe electrolysis. The cathode material needed to be modified. These analyses were 
not used and a new electrochemical cell was designed. 
2.2.2 Electrochemical Cell 2 
Experiment Electrolyte Carboxylic Acid
Carboxylic Acid 
Concentration









0.5M Potassium Acetate 
with approximately 12 mL 











0.25M potassium hydroxide 
and 0.5M propionic acid 
with approximately 15 g 












0.5M Potassium Acetate 
with approximately 12 mL 










Electrochemical cell 2 is similar in construction to electrochemical cell 1 with 
some modifications. Electrochemical cell 2 has two pieces of steel foil acting as the 
cathode spaced 2 mm apart rather than the two graphite plates from electrochemical cell 
1.  The platinum and mesh were sandwiched between polyethylene spacers (1.25 cm 
wide by 6 cm tall) that only went around the side edges leaving the middle, bottom, and 
top open for electrolyte flow rather than the polyethylene plates from electrochemical cell 
1. The platinum, mesh, and polyethylene spacers were then sandwiched between the two 
pieces of steel foil (7 cm wide by 5.5 cm tall) that had two edges that emerged from the 
cell (1 cm wide by 3 cm tall), connected together, and connected to the power source. 
Finally, in contrast to electrochemical cell 1, the platinum, mesh, polyethylene spacers, 
and steel foil were sandwiched between two polyethylene plates (7 cm wide by 6 cm tall). 
The copper wire attached to the platinum foil and the steel foil were connected to a direct 
current (DC) potentiostatic source. A stir bar was used to allow constant mixing. Figure 
2.7 demonstrates the setup for electrochemical cell 2. 
 




2.2.2.1 Electrolyte and Reaction Conditions for Experiments with Cell 2 
The electrolyte and reaction conditions for the experiments performed with the 
use of electrochemical cell 2 can be seen in Table 2.2 and will be further described in 
section 2.2.2.1.1. 
 
Table 2.2: Electrolyte and Reaction Conditions for the Experiments Performed with the 
use of Electrochemical Cell 2 
 
2.2.2.1.1 Experiment 4 through experiment 6 
These experiments were performed to examine the possible reactions using acetic 
acid as the carboxylic acid and propene as the olefin. The electrolyte used was a one to 
one mixture of acetone and methanol.  
The cell construction for Experiment 4 through Experiment 6 was not conducive 
to Kolbe electrolysis. The anode needed to be modified to remove the copper foil with a 
piece of copper wire. These analyses were not used and a new electrochemical cell was 
designed. 
2.2.3 Electrochemical Cell 3 
Electrochemical cell 3 is similar in construction to electrochemical cell 2 with one 
modification. The platinum foil (5 cm wide by 5 cm tall) was attached to a platinum wire 
Experiment Electrolyte Carboxylic Acid
Carboxylic Acid 
Concentration









0.5M Potassium Acetate 
with approximately 6 mL 












0.5M Potassium Acetate 
with approximately 6 mL 












0.5M Potassium Acetate 
with approximately 6 mL 










(8 cm) to connect to the power supply rather than the platinum foil in contact with copper 
foil with a piece of copper wire as in electrochemical cell 2.  The platinum wire and steel 
foil were connected to a direct current (DC) potentiostatic source. A stir bar was used to 
allow constant mixing. Figure 2.8 demonstrates the setup for electrochemical cell 3. 
 
Figure 2.8: Setup for Electrochemical Cell 3 
2.2.3.1 Electrolyte and Reaction Conditions for Experiments with Cell 3 
The electrolyte and reaction conditions for the experiments performed with the 
use of electrochemical cell 3 can be seen in Table 2.3 and will be further described in 









Experiment Electrolyte Carboxylic Acid
Carboxylic Acid 
Concentration









1M potassium hydroxide 
and 1M propionic acid with 
approximately 7.5 g 












1M potassium hydroxide 
and 1M propionic acid with 
approximately 7.5 g 










1M potassium hydroxide 
and 1M propionic acid with 
approximately 7.5 g 
propionic acid added every 
hour





1M potassium hydroxide 
and 1M propionic acid with 
approximately 7.5 g 
propionic acid added every 
hour





1M potassium hydroxide 
and 1M butyric acid with 
approximately 8.81 g 
butyric acid added every 
hour





1M Potassium Acetate with 
approximately 6 g acetic 
acid added every hour





1M potassium hydroxide 
and 1M valeric acid with 
approximately 10.21 g 
valeric acid added every 
hour





1M Potassium Acetate with 
approximately 6 g acetic 
acid added every hour
2-methyl-
2-butene





1M potassium hydroxide 
and 1M valeric acid with 
approximately 10.21 g 









1M potassium hydroxide 
and 1M propionic acid with 
approximately 7.5 g 











Table 2.3: Electrolyte and Reaction Conditions for the Experiments Performed 
with the use of Electrochemical Cell 3 
Experiment Electrolyte Carboxylic Acid
Carboxylic Acid 
Concentration









   
     
   










   
     
   








   
     
   





   
     
   






   
     
   






    
    






   
     
   






    
    






   
     
   






   
     
   







1M potassium hydroxide 
and 1M butyric acid with 
approximately 8.81 g 









1M potassium hydroxide 
and 1M valeric acid with 
approximately 10.21 g 
valeric acid added every 
hour





1M potassium hydroxide 
and 1M valeric acid with 
approximately 2.04 g valeric 
acid added every hour





0.1M potassium hydroxide 
and 0.2M valeric acid with 
approximately 2.04 g valeric 
acid added every hour





0.1M potassium hydroxide 
and 0.2M caproic acid with 
approximately 2.32 g 
caproic acid added every
hour





0.1M potassium hydroxide 
and 0.2M valeric acid with
approximately 2.04 g valeric 
acid added every hour





0.1M potassium hydroxide 
and 0.2M valeric acid with 
approximately 0.63 g valeric 
acid added every hour





0.1M potassium hydroxide 
and 0.2M caproic acid with 
approximately 2.32 g 
caproic acid added every
hour





0.1M potassium hydroxide 
and 0.2M valeric acid with 
approximately 2.04 g valeric 
acid added every hour





0.1M potassium hydroxide 
and 0.2M valeric acid with 
approximately 2.04 g valeric 
acid added every hour




2.2.3.1.1 Experiment 7 and Experiment 8 
These experiments were performed to examine the possible reactions using 
propionic acid as the carboxylic acid and propene as the olefin in duplicate. The 
electrolyte used was a one to one mixture of acetone and methanol. The electrolysis was 
conducted using 1M potassium hydroxide and 1M propionic acid to create the salt 
potassium propionate. This was then acidified with 7.5 g of propionic acid added every 
hour and propene was constantly pumped through the system. These reactions were run at 
approximately 2.5 amps for 4 hours. These experiments were performed in a -10°C chiller 
to keep the propene in solution. 
2.2.3.1.2 Experiment 9 
This experiment was performed to examine the possible reactions using propionic 
acid as the carboxylic acid and hexene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 1M potassium hydroxide and 1M propionic acid to 
create the salt potassium propionate. This was then acidified with 7.5 g of propionic acid 
added every hour and 1M of hexene was used. This reaction was run at approximately 2.5 
amps for 2 hours. 
2.2.3.1.3 Experiment 10 
This experiment was performed to examine the possible reactions using propionic 
acid as the carboxylic acid and hexene as the olefin with a longer reaction time. The 
electrolyte used was methanol. The electrolysis was conducted using 1M potassium 
hydroxide and 1M propionic acid to create the salt potassium propionate. This was then 
acidified with 7.5 g of propionic acid added every hour and 1M of hexene was used. This 




2.2.3.1.4 Experiment 11 
This experiment was performed to examine the possible reactions using butyric 
acid as the carboxylic acid and hexene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 1M potassium hydroxide and 1M butyric acid to 
create the salt potassium butyrate. This was then acidified with 8.81 g of butyric acid 
added every hour and 1M of hexene was used. This reaction was run at approximately 2.5 
amps for 6 hours. 
2.2.3.1.5 Experiment 12 
This experiment was performed to examine the possible reactions using acetic 
acid as the carboxylic acid and hexene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 1M potassium acetate acidified with 6 g of acetic 
acid added every hour and 1M of hexene was used. The reaction was run at 
approximately 2.5 amps for 6 hours. 
2.2.3.1.6 Experiment 13 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 1M potassium hydroxide and 1M valeric acid to 
create the salt potassium valerate. This was then acidified with 10.21 g of valeric acid 
added every hour and 1M of hexene was used. This reaction was run at approximately 2.5 
amps for 6 hours. 
2.2.3.1.7 Experiment 14 
This experiment was performed to examine the possible reactions using acetic 




methanol. The electrolysis was conducted using 1M potassium acetate acidified with 6 g 
of acetic acid added every hour and 1M of 2-methyl-2-butene was used. The reaction was 
run at approximately 2.5 amps for 6 hours. 
2.2.3.1.8 Experiment 15 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and 2-methyl-2-butene as the olefin. The electrolyte used was 
methanol. The electrolysis was conducted using 1M potassium hydroxide and 1M valeric 
acid to create the salt potassium valerate. This was then acidified with 10.21 g of valeric 
acid added every hour and 1M of 2-methyl-2-butene was used. This reaction was run at 
approximately 2.5 amps for 6 hours. 
2.2.3.1.9 Experiment 16 
This experiment was performed to examine the possible reactions using propionic 
acid as the carboxylic acid and 2-methyl-2-butene as the olefin. The electrolyte used was 
methanol. The electrolysis was conducted using 1M potassium hydroxide and 1M 
propionic acid to create the salt potassium propionate. This was then acidified with 7.5 g 
of propionic acid added every hour and 1M of 2-methyl-2-butene was used. This reaction 
was run at approximately 2.5 amps for 6 hours. 
2.2.3.1.10 Experiment 17 
This experiment was performed to examine the possible reactions using butyric 
acid as the carboxylic acid and 2-methyl-2-butene as the olefin. The electrolyte used was 
methanol. The electrolysis was conducted using 1M potassium hydroxide and 1M butyric 




acid added every hour and 1M of 2-methyl-2-butene was used. This reaction was run at 
approximately 2.5 amps for 6 hours. 
2.2.3.1.11 Experiment 18 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin at lower amperage. The electrolyte 
used was methanol. The electrolysis was conducted using 1M potassium hydroxide and 
1M valeric acid to create the salt potassium valerate. This was then acidified with 10.21 g 
of valeric acid added every hour and 1M of hexene was used. This reaction was run at 
approximately 1.25 amps for 8 hours. 
2.2.3.1.12 Experiment 19 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin at lower amperage. The electrolyte 
used was methanol. The electrolysis was conducted using 1M potassium hydroxide and 
1M valeric acid to create the salt potassium valerate. This was then acidified with 2.04 g 
of valeric acid added every hour and 1M of hexene was used. This reaction was run at 
approximately 0.5 amps for 8 hours. 
2.2.3.1.13 Experiment 20 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin at lower carboxylic acid salt 
concentration. The electrolyte used was methanol. The electrolysis was conducted using 
0.1M potassium hydroxide and 0.2M valeric acid to create the salt potassium valerate. 
This was then acidified with 2.04 g of valeric acid added every hour and 1M of hexene 




2.2.3.1.14 Experiment 21 
This experiment was performed to examine the possible reactions using caproic 
acid as the carboxylic acid and hexene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 0.1M potassium hydroxide and 0.2M caproic acid 
to create the salt potassium caproate. This was then acidified with 2.32 g of caproic acid 
added every hour and 1M of hexene was used. This reaction was run at approximately 0.5 
amps for 8 hours. 
2.2.3.1.15 Experiment 22 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and pentene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 0.1M potassium hydroxide and 0.2M valeric acid to 
create the salt potassium valerate. This was then acidified with 2.04 g of valeric acid 
added every hour and 1M of pentene was used. This reaction was run at approximately 
0.5 amps for 8 hours. 
2.2.3.1.16 Experiment 23 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin at lower amperage. The electrolyte 
used was methanol. The electrolysis was conducted using 0.1M potassium hydroxide and 
0.2M valeric acid to create the salt potassium valerate. This was then acidified with 0.63 
g of valeric acid added every hour and 1M of hexene was used. This reaction was run at 
approximately 0.1 amps for 8 hours. 




This experiment was performed to examine the possible reactions using caproic 
acid as the carboxylic acid and pentene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 0.1M potassium hydroxide and 0.2M caproic acid 
to create the salt potassium caproate. This was then acidified with 2.32 g of caproic acid 
added every hour and 1M of pentene was used. This reaction was run at approximately 
0.5 amps for 8 hours. 
2.2.3.1.18 Experiment 25 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and pentene as the olefin with a higher olefin concentration. 
The electrolyte used was methanol. The electrolysis was conducted using 0.1M 
potassium hydroxide and 0.2M valeric acid to create the salt potassium valerate. This was 
then acidified with 2.04 g of valeric acid added every hour and 1.62M of pentene was 
used. This reaction was run at approximately 0.5 amps for 8 hours. 
2.2.3.1.19 Experiment 26 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin at higher olefin concentration. The 
electrolyte used was methanol. The electrolysis was conducted using 0.1M potassium 
hydroxide and 0.2M valeric acid to create the salt potassium valerate. This was then 
acidified with 2.04 g of valeric acid added every hour and 2M of hexene was used. This 
reaction was run at approximately 0.5 amps for 8 hours. 
2.2.4 Electrochemical cell 4 
Electrochemical cell 4 was designed to examine if constant flow of the reaction 




assembly was created with a piece of platinum foil acting as the anode and two pieces of 
steel acting as the cathode spaced 2 mm apart.  The platinum foil (5 cm wide by 5 cm 
tall) was attached to a platinum wire (8 cm) to connect to the power supply and was 
sandwiched between two pieces of mesh (6 cm wide by 6 cm tall) to prevent accidental 
contact with the cathode. The platinum and mesh were sandwiched between a 
polyethylene spacer (10 cm wide by 15cm tall) and a polysilicone spacer (10 cm wide by 
15cm tall) with gaps removed for electrolyte flow through the middle. The platinum, 
mesh, polyethylene spacer, and polysilicone spacer were then sandwiched between two 
pieces of steel (10 cm wide by 15cm tall). One of the pieces of steel had an electrolyte 
intake near the bottom and an electrolyte outtake near the top. These were all held 
together with metal bolts one of which was used to connect to the power supply. The 
platinum wire and metal bolt were connected to a direct current (DC) potentiostatic 
source. A 1000 mL separatory funnel was connected through its bottom valve to an Iwaki 
Magnet pump (11 to 12 liters per minute flow) with tubing. The pump was connected to 
the electrolyte intake on the electrode assembly. The electrolyte outtake was connected to 
tubing that allowed electrolyte flow into the top opening of the separatory funnel. Figure 





Figure 2.9: Setup for Electrochemical Cell 4 
2.2.4.1 Electrolyte and Reaction Conditions for Experiments with Cell 4 
The electrolyte and reaction conditions for the experiment performed with the use of 
electrochemical cell 4 can be seen in Table 2.4 and will be further described in section 
2.2.4.1.1. 
 
Table 2.4: Electrolyte and Reaction Conditions for the Experiments Performed with the 
use of Electrochemical Cell 4 
2.2.4.1.1 Experiment 27 
This experiment was performed to examine the possible reactions using valeric 
acid as the carboxylic acid and hexene as the olefin. The electrolyte used was methanol. 
The electrolysis was conducted using 0.1M potassium hydroxide and 0.2M valeric acid to 
create the salt potassium valerate. This was then acidified with 2.04 g of valeric acid 
Experiment Electrolyte Carboxylic Acid
Carboxylic Acid 
Concentration







0.1M potassium hydroxide 
and 0.2M valeric acid with 
approximately 2.04 g valeric 
acid added every hour





added every hour and 2M of hexene was used. This reaction was run at approximately 0.5 
amps for 8 hours. 
2.2.5 Analytical 
2.2.5.1  Sample Preparation for Experiment 1 
250 mL of the sample was placed into a separatory funnel and aqueous sodium 
hydroxide was added drop wise until the pH was approximately 8 - 9. 750 mL of distilled 
water was then added to the separatory funnel and shaken. 100 mL of pentane was then 
added to the separatory funnel, shaken, and allowed to separate. The pentane layer was 
removed and run on a GC-FID. 
2.2.5.2  Sample Preparation for Experiment 2 through Experiment 4 
Two mL of the sample was placed into a test tube and sodium carbonate was 
added drop wise until the pH was approximately eight or nine. Four mL of distilled water 
was then added to the test tube and shaken. One mL of pentane was then added to the test 
tube, shaken, and allowed to separate. The pentane layer was removed and run on a GC-
FID or GC-MS.  
2.2.5.3  Sample Preparation for Experiment 5 
Two mL of the sample was placed into a test tube and aqueous sodium hydroxide 
was added drop wise until the pH was approximately eight or nine. Eight mL of distilled 
water was then added to the test tube and shaken. One mL of pentane was then added to 
the test tube, shaken, and allowed to separate. The pentane layer was removed and run on 
a GC-FID or GC-MS. 




Three mL of the sample was placed into a test tube and aqueous sodium 
hydroxide was added drop wise until the pH was approximately eight or nine. Ten mL of 
distilled water was then added to the test tube and shaken. Two mL of pentane was then 
added to the test tube, shaken, and allowed to separate. The pentane layer was removed 
and run on a GC-FID or GC-MS. 
2.2.5.5 Sample Preparation for Experiment 9 through Experiment 27 
Two mL of the sample was placed into a test tube and aqueous sodium hydroxide 
was added drop wise until the pH was approximately eight or nine. Ten mL of distilled 
water was then added to the test tube and shaken. Two mL of pentane was then added to 
the test tube, shaken, and allowed to separate. The pentane layer was removed and run on 
a GC-FID or GC-MS. 
2.2.5.6 Gas Chromatography Flame Ionization Detector 
The GC-FID analysis was performed on a 6980N Series GC system with a flame 
ionization detector. The column used was an Agilent 0.53mm I.D. HP-5 with 30 m length 
and 0.88 µm film thickness. The carrier gas was hydrogen. 
2.2.5.6.1 Temperature Program 
All of the temperature programs held at 35°C for 4 minutes, then they ramped to 
different temperatures depending on the experiment. The program ramped at 
10°C/minute to 150°C, then held at 150°C for 3 minutes for experiment 1 through 
experiment 3. The program ramped at 10°C/minute to 200°C, then held at 200°C for 3 
minutes for experiment 5 and experiment 6. The program ramped at 10°C/minute to 
180°C, ramped at 20°C/minute to 270°C, then held at 270°C for 3 minutes for experiment 




2.2.5.7 Gas Chromatography Mass Spectrometry 
The GC-MS analysis was performed on a 6890 Series GC system with a 5973 
network Mass Selective Detector from Agilent. The column used was an Agilent 0.25mm 
I.D. DB-5MS with 30 m length and 0.25 µm film thickness. The carrier gas was helium. 
2.2.5.7.1 Temperature Program for Experiment 4 through Experiment 9 
All of the temperature programs held at 35°C for 4 minutes with a 2.50 minute 
solvent delay, then they ramped to different temperatures depending on the experiment. 
The program ramped at 10°C/minute to 150°C, then held at 150°C for 3 minutes for 
experiment 4 through experiment 9. The program ramped at 10°C/minute to 200°C, then 
held at 200°C for 3 minutes for experiment 10 through experiment 18. The program 
ramped at 10°C/minute to 180°C, ramped at 20°C/minute to 270°C, then held at 270°C 
for 3 minutes for experiment 19 through experiment 22. 
2.3 Results and Discussion 
2.3.1 Experiment 1 through Experiment 3 
The cell construction for Experiment 1 through Experiment 3 was not conducive 
to Kolbe electrolysis. The cathode for Electrochemical Cell 1 was graphite plates, and for 
Kolbe electrolysis graphite plates are generally not used. The cathode generally consists 
of platinum, steel, or nickel for Kolbe electrolysis. The use of the graphite plates in this 
instance caused carryover between reactions, and products from the previous reactions 
were observed in subsequent reactions. As a result of the carryover, it cannot be certain 
whether the reactions taking place are from the current experiment or from carried over 
chemicals in the graphite plates. These analyses were not used and a new electrochemical 




2.3.2 Experiment 4 through Experiment 6 
The cell construction for Experiment 4 through Experiment 6 was not conducive 
to Kolbe electrolysis. The platinum anode was in contact with copper foil with a piece of 
copper wire to connect to the power supply. During the electrolysis the copper would 
oxidize and go into the solution. As a result of the copper oxidation, it cannot be certain 
whether the copper in solution effects the overall reaction. These analyses were not used 
and a new electrochemical cell was designed. 
2.3.3 Experiment 7 through Experiment 8 
The setup and the electrolyte used were also determined to be not conducive to 
the experiment. The propene from this experiment was piped into the system through 
Tygon tubing. Once the results were reviewed it was observed that plasticizers 
(phthalates) were leaching from the tubing. Also, the electrolyte was a mixture of acetone 
and methanol which are both good electrolytes; however, in this experiment the acetone 
was reacting with itself to form aldol products. These analyses were not used, Tygon 
tubing was not used for further experiments because the olefin was changed to a liquid 
olefin, and acetone was no longer used with the methanol as the electrolyte. 
2.3.4 Experiment 9 through Experiment 27 
Experiments 14 through 17 were reactions with acetic acid, valeric acid, propionic 
acid, and butyric acid respectively and 2-methyl-2-butene. The reactions that were 
wanted from these experiments were the production of 2,3,3-trimethyl butane; 5,6,6-
trimethyl decane; 3,4,4-trimethyl hexane; and 4,5,5-trimethyl octane respectively. The 





Experiment 9 and 10 was a reaction with propionic acid and hexene. The reaction 
that was wanted was the decarboxylation of the propionic acid at the platinum anode to 
create an ethyl radical (Figure 2.10). The ethyl radical could then add to hexene to create 
two possible new radicals (Figure 2.11). These radicals formed from the hexene could 
then dimerize with another ethyl radical to produce 4-ethyl-octane (Figure 2.12). 
 
Figure 2.10: Decarboxylation of Propionic Acid to Form an Ethyl Radical 
 
Figure 2.11: Addition of the Ethyl Radical to Hexene to Create Two Possible New 
Radicals 
 
Figure 2.12: Radicals Formed from the Hexene Dimerize with Another Ethyl Radical to 
Produce 4-ethyl-octane 
The results from Experiment 9 and Experiment 10 showed a peak at time 8.653 that 




GC-MS as 4-ethyl-octane. Figure 2.13 demonstrates the GC-MS chromatogram for 
Experiment 10. 
 
Figure 2.13: GC-MS Chromatogram for Experiment 10 
Experiment 11 was a reaction with butyric acid and hexene. The reaction that was 
desired was the decarboxylation of the butyric acid at the platinum anode to create a 
propyl radical (Figure 2.14). The propyl radical could then add to hexene to create two 
possible new radicals (Figure 2.15). These radicals formed from the hexene could then 
dimerize with another propyl radical to produce 5-propyl-nonane (Figure 2.16). 
 
Figure 2.14: Decarboxylation of Butyric Acid to Form a Propyl Radical 





Figure 2.15: Addition of the Propyl Radical to Hexene to Create Two Possible New 
Radicals 
 
Figure 2.16: Radicals Formed from the Hexene Dimerize with Another Propyl Radical to 
Produce 5-propyl-nonane 
The results from Experiment 11 showed a peak at time 11.802 that based on molecular 
weight and possible matches identified was tentatively identified by GC-MS as 5-propyl-





Figure 2.17: GC-MS Chromatogram for Experiment 11 
Experiment 12 was a reaction with acetic acid and hexene. The desired reaction 
was the decarboxylation of the acetic acid at the platinum anode to create a methyl 
radical (Figure 2.18). The methyl radical could then add to hexene to create two possible 
new radicals (Figure 2.19). These radicals formed from the hexene could then dimerize 
with another methyl radical to produce 3-methyl-heptane (Figure 2.20). 
 
Figure 2.18: Decarboxylation of Acetic Acid to Form a Methyl Radical 
 
Figure 2.19: Addition of the Methyl Radical to Hexene to Create Two Possible New 
Radicals 





Figure 2.20: Radicals Formed from the Hexene Dimerize with Another Methyl Radical to 
Produce 3-methyl-heptane 
The results from Experiment 12 showed a peak at time 4.195 that based on molecular 
weight and possible matches identified was tentatively identified by GC-MS as 3-methyl-
heptane. Figure 2.21 demonstrates the GC-MS chromatogram for Experiment 12. 
 
Figure 2.21: GC-MS Chromatogram for Experiment 12 
In examination of experiment 9 through experiment 12, it was observed that 
several other products appear in the chromatograms. Attempts were made to tentatively 
identify the side products and they appear to be alcohols or olefins, based on GC-MS 




identifications. It is difficult to differentiate between alcohols and olefins due to similar 
chromatographic profile and mass spectra; alcohols lose water to form olefins. It is not 
surprising that side reactions during Kolbe electrolysis produce alcohols and olefins as 
these are known reactions that were discussed in Section 2.1 and depicted in Figure 2.4. 
Experiment 13 was a reaction with valeric acid and hexene. The desired reaction 
was the decarboxylation of valeric acid at the platinum anode to create a butyl radical 
(Figure 2.22). The butyl radical could then add to hexene to create two possible new 
radicals (Figure 2.23). These radicals formed from the hexene could then dimerize with 
another butyl radical to produce 5-butyl-decane (Figure 2.24). 
 
Figure 2.22: Decarboxylation of Valeric Acid to Form a Butyl Radical 
 
Figure 2.23: Addition of the Butyl Radical to Hexene to Create Two Possible New 
Radicals 
 





The results from Experiment 13 showed a peak at time 14.588 that based on molecular 
weight and possible matches identified was tentatively identified by GC-MS as 5-butyl-
decane; however, there was a much larger peak at approximate retention time 6.0 that 
was identified as octane. Figure 2.25 demonstrates the GC-MS chromatogram for 
Experiment 13. Figure 2.26 and figure 2.27 demonstrate the GC-MS chromatogram for 
the starting material for Experiment 13 and a pentane blank. Figure 2.28 is an overlay of 
Experiment 13, the starting material for Experiment 13, and a pentane blank with the 
largest peaks from the starting material for Experiment 13 and a pentane blank boxed. 
 
Figure 2.25: GC-MS Chromatogram for Experiment 13 
                   5-butyl-decane 





Figure 2.26: GC-MS Chromatogram for Starting Material for Experiment 13 
 





Figure 2.28: GC-MS Chromatogram overlay of Experiment 13, the starting material for 
Experiment 13, and a pentane blank with the largest peaks from the starting material for 
Experiment 13 and a pentane blank boxed 
The major product from Experiment 13 was the dimerization of two butyl radicals to 
create octane (Figure 2.29). For Experiment 9 and Experiment 10 the dimerization of two 
ethyl radicals would create butane (Figure 2.30). For Experiment 11 the dimerization of 
two propyl radicals would create hexane (Figure 2.31). For Experiment 12 the 
dimerization of two methyl radicals would create ethane (Figure 2.32).  
 
Figure 2.29: Dimerization of Two Butyl Radicals to Create Octane 
 





Figure 2.31: Dimerization of Two Propyl Radicals to Create Hexane 
 
Figure 2.32: Dimerization of Two Methyl Radicals to Create Ethane 
Butane, hexane, and ethane would not be observed by this projects GC-MS or GC 
analysis due to the nature of the compounds and the conditions of the GC-MS and GC set 
up and extraction (extraction was with pentane). Due to the extraction conditions and 
GC-MS analysis, the major products from Experiment 9, Experiment 10, Experiment 11, 
and Experiment 12 were not examined because they eluted with the extraction solvent. 
For this reason, Experiments 18 through 26 use either valeric acid (C5) or caproic acid 
(C6). Caproic acid was used along with valeric acid due to its behavior in electrolysis. For 
caproic acid, there would be decarboxylation of the caproic acid at the platinum anode to 
create a pentyl radical (Figure 2.33). The dimerization of two pentyl radicals would 
create decane (Figure 2.34). The pentyl radical could also add to hexene to create two 
possible new radicals (Figure 2.35). These radicals formed from the hexene could then 
dimerize with another pentyl radical to produce 6-butyl-dodecane (Figure 2.36).  
 
Figure 2.33: Decarboxylation of Caproic Acid to Form a Pentyl Radical 
 









Figure 2.36: Radicals Formed from the Hexene Dimerize with Another Pentyl Radical to 
Produce 6-butyl-dodecane 
 
Experiment 13 was run on the GC-FID in order to quantitate how much more 
octane was in the sample then 5-butyl-decane. It was determined that the octane was 
approximately 122 times greater in concentration than 5-butyl-decane based on the 






Figure 2.37: GC-FID Chromatogram for Experiment 13 
Several side products were also observed in the chromatograms from experiment 13. 
Attempts to identify the side products and determination of their origin will be discussed 
later on within this work. 
In order to increase the concentration of the 5-butyl-decane and decrease the 
concentration of the octane, the amperage for Experiment 18 was lowered to 1.25 amps. 
The amperage was lowered to decrease the amount of butyl radicals available in order to 
better react with the hexene. It was determined that the octane was approximately 162 
times greater in concentration than 5-butyl-decane based on the integrated area of the 
peaks.  
This result was not an improvement, so the amperage for Experiment 19 was 
further lowered to 0.5 amps. It was determined that the octane was approximately 51 
                   Octane 
      5-butyl-decane 




times greater in concentration than 5-butyl-decane based on the integrated area of the 
peaks. While this improved the amount of desired product, it was still insufficient to 
obtain a branched chain hydrocarbon fuel. 
In Experiment 20, the starting concentration of the carboxylic acid salt (potassium 
valerate) was decreased to lower the amount of available starting product that can 
become butyl radicals in order to better react with the hexene. It was determined that the 
octane was approximately 60 times greater in concentration than 5-butyl-decane based on 
the integrated area of the peaks. 
Because the octane was still the dominant chemical produced, the carboxylic acid 
salt was changed to potassium caproate in order to try to limit the available space at the 
cathode because of size hindrance in Experiment 21. It was determined that the decane 
was approximately 34 times greater in concentration than 6-butyl-dodecane based on the 
integrated area of the peaks. 
Experiment 22 went back to potassium valerate as the carboxylic acid salt, but 
changed the olefin to pentene in order to see if the pentene can better interact with the 
butyl radicals. It was determined that the octane was approximately 101 times greater in 
concentration than 4-butyl-nonane based on the integrated area of the peaks. 
The amperage for Experiment 23 was further lowered to 0.1 amps. It was 
determined that the octane was approximately 32 times greater in concentration than 5-
butyl-decane based on the integrated area of the peaks. 
Experiment 24 used the smaller olefin pentene and the larger carboxylic acid salt 
potassium caproate to see if the ratio of branched hydrocarbon to straight chain 




greater in concentration than 6-propyl-dodecane based on the integrated area of the 
peaks. 
For Experiment 25 and Experiment 26 we increased the concentration of the 
olefin (pentene and hexene respectively) in order for the butyl radicals to have more 
olefin available. For Experiment 25, it was determined that the octane was approximately 
77 times greater in concentration than 5-propyl-decane based on the integrated area of the 
peaks. For Experiment 26, it was determined that the octane was approximately 60 times 
greater in concentration than 5-butyl-decane based on the integrated area of the peaks.   
Experiment 27 used increased concentration of the olefin hexene in addition to a 
constant flow through the electrode assembly using an external pump. It was determined 
that the octane was approximately 32 times greater in concentration than 5-butyl-decane 
Despite all attempts to increase the concentration of the branched hydrocarbon the 
straight chain hydrocarbon produced from the dimerization of the radical was the 
dominant product. 
It was also observed that several other side products appear in the chromatograms 
from the different experiments. Attempts were made to tentatively identify the other side 
products and will be presented for a selection of the experiments. Figure 2.38 is the GC-
MS chromatogram for experiment 13 (valeric acid and hexene) with select peaks 





Figure 2.38: GC-MS Chromatogram for Experiment 13 with select peaks numerically 
marked for tentative identification purposes 
 
Peak 1 was tentatively identified as 2-butyl ester pentanoic acid with a confidence level 
of 82 percent. Peak 2 was tentatively identified as the pentyl ester of pentanoic acid with 
a confidence level of 49 percent. Peak 3 was tentatively identified as 1-decene with a low 
confidence level of 5 percent. 
Figure 2.39 is the GC-MS chromatogram for experiment 21 (caproic acid and 
hexene) with select peaks numerically marked for tentative identification purposes. 
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Figure 2.39: GC-MS Chromatogram for Experiment 21 with select peaks numerically 
marked for tentative identification purposes 
 
Peak 1 was tentatively identified as 5-undecene with a confidence level of 20 
percent. Peak 2 was tentatively identified as the methyl ester of octanoic acid with a 
confidence level of 91 percent. 
Figure 2.40 is the GC-MS chromatogram for experiment 22 (valeric acid and 
pentene) with select peaks numerically marked for tentative identification purposes. 
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Figure 2.40: GC-MS Chromatogram for Experiment 22 with select peaks numerically 
marked for tentative identification purposes 
 
Peak 1 was tentatively identified as nonane with a confidence level of 38 percent. 
Peak 2 was tentatively identified as decane with a confidence level of 45 percent. Peak 1 
and Peak 2 are most likely a result of carryover from a previous experiment. Peak 3 was 
tentatively identified as pentanoic acid pentyl ester with a confidence level of 66 percent. 
Peak 4 was tentatively identified as 2-methyl-1-octanol with a confidence level of 23 
percent. 
As previously mentioned, it is not surprising that side products are produced 
during Kolbe electrolysis as it is known that Kolbe electrolysis has the potential to 
produce alcohols, esters, and olefins as side products. The peaks that have been 
tentatively identified suggest this as they are all alcohols, esters, or olefins. 
2.4 Conclusions 
Kolbe electrolysis with carboxylic acids and olefins is not a viable way to create 
branched chain hydrocarbons for renewable fuel production. While the branched chain 
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hydrocarbons could be produced they were not at sufficient yields. It was hoped that by 
manipulating the variables of the reaction the radical attack on the olefin followed by 
subsequent radical dimerization would be more kinetically favorable; however, this was 
not the case. Manipulation of the electrolyte, the starting carboxylic acid, the starting 
olefin, the concentrations of the carboxylic acid, the concentrations of the olefin, the 
current density, the electrodes, and the flow of reaction mixture modified the kinetics of 
the desired reaction somewhat, but only at insufficiently low levels. The radical formed 
from the decarboxylation of the carboxylic acid dimerizes with itself much better then it 
attacks an olefin double bond. The dimerization product creates straight chain 
hydrocarbons that are generally 30 to 165 times more than the creation of the branched 
chain hydrocarbon. It was also observed that side reactions occurred generally 
consistently to produce alcohols, olefins, and esters. Based on this data, this use of Kolbe 
electrolysis does not produce branched chain hydrocarbons sufficiently for the 
development and production of renewable fuels.  
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Chapter 3: Grindelic Acid 
 This chapter discusses the isolation of grindelic acid using high performance 
liquid chromatography (HPLC) and the decolorization of the carboxylic acid extract from 
the Grindelia squarrosa plant. Quantitation of the grindelic acid was characterized by 
Gas Chromatography Flame Ionization Detector. 
3.1 Grindelic Acid 
3.2.1 Grindelia squarrosa 
Grindelia squarrosa is a biennial or short lived perennial plant that is a member of 
the Asteraceae family and is commonly called Curlycup gumweed, gumweed, curlytop 
gumweed, rosinweed, resinweed, or tarweed (Donaldson and Mazet, 2011; Muenscher, 
1955; National Geographic; Plant-life.org; United States Department of Agriculture; 
United States Geological Service; Utah State University; Walsh, 1993). There are three 
varieties of this plant: variety quasiperennis Lunell, variety squarrosa (Pursh) Dunal, and 
variety serrulata (Rydb.) Steyermark (Plant-life.org; United States Department of 
Agriculture). Our research group cultivated the Grindelia squarrosa variety Squarrosa 
(Pursh) Dunal for research. This plant variety has sharply small-toothed leaves that are 
two to four times as long as wide and are ovate or oblong; yellow flowers with green 
bracts at the bottom that produce sticky material; and is typically anywhere from ten to 
one hundred centimeters tall (Donaldson and Mazet, 2011; Muenscher, 1955; National 
Geographic; Plant-life.org; United States Geological Service; Utah State University; 
Walsh, 1993). Grindelia squarrosa is native to North America and can be found into 




southwestern states mostly in dry pastures, roadsides, banks, waste places, rangelands, 
and prairies because it does not need a lot of water to be successful (Donaldson and 
Mazet, 2011; Muenscher, 1955; National Geographic; United States Geological Service; 
Utah State University; Walsh, 1993). Figure 3.1 demonstrates where Grindelia squarrosa 
is present in the United States and Canada and figure 3.2 demonstrates which counties in 
Nevada have Grindelia squarrosa (United States Department of Agriculture). 
 
Figure 3.1: Presence of Grindelia squarrosa in the United States and Canada  






Figure 3.2: Counties in Nevada with Grindelia squarrosa 
Source: United States Department of Agriculture 
Historically, Grindelia squarrosa was used medicinally by Native American tribes 
such as the Blackfoot, Cheyenne, Cree, Crow, Dakota, Flathead, Gosiute, Lakota, 
Mahuna, Montana Indian, Paiute, Pawnee, Ponca, Shoshoni, Sioux, and Ute (Moerman, 
1986 and 1998). The roots of the plant were used for liver trouble and as a cough 
medicine (Moerman, 1986 and 1998). The flowers were used as a disinfectant, to lessen 
menses, aid stomachaches, and for spitting of blood (Moerman, 1986 and 1998). For 
horses, the flowers were used to prevent injury on hooves and for saddle galls and saddle 
sores (Moerman, 1986 and 1998). The gum was used for snow blindness (Moerman, 
1986 and 1998). Other uses for the plant include treatment of sexual diseases such as 
venereal disease, gonorrhea, and syphilis; treatment for colds, whooping cough, 
pneumonia, bronchitis, asthma, colic, tuberculosis, measles, smallpox, kidney pain, and 
bladder trouble; reduction in swelling for trauma and broken bones; as an expectorant; 
and as an emetic (Moerman, 1986 and 1998). 
Currently, Grindelia squarrosa is being examined for use in biofuel production. 




production it is an excellent candidate as a potential biofuel source. It is also a great 
source for grindelic acid. According to unpublished data compiled by our research group, 
Grindelia squarrosa is composed of 12-14% extractable hydrocarbons of which 60-75% 
is grindelic acid. 
3.2.2 Properties and Structure 
Grindelic acid is a tricyclic labdane diterpene carboxylic acid with molecular 
weight of 320.47. Figure 3.3 represents the structure of grindelic acid (ChemSpider). 
 
Figure 3.3: Structure of Grindelic Acid  
Source: ChemSpider 
 
3.2.3 Uses and potential uses 
Currently, grindelic acid has several important uses in the chemical and biological 
industries as a precursor to several derivatives of importance. For example, grindelic acid 
derivatives are being utilized for tumor suppression by enhancing the cytotoxicity to 
tumor cells (Reta et.al, 2013). Other grindelic acid derivatives possess insecticidal 
properties and may be used for insect control (Hernandez et.al, 1997; Rose, 1980; Rose 




(McNay, 1964; McNay and Peterson, 1964), production of resin coated cellulosic fibers 
(McNay and Petersen, 1965), and are being investigated as a substitute for wood rosin 
(Hoffman and McLaughlin, 1986). Our research group is also examining the conversion 
of grindelic acid to branched chain hydrocarbon fuels and examining the possibility of 
using grindelic acid as a direct substitute for abietic acid, which is the main component of 
wood rosin and is used in lacquers, varnishes, varnish driers, soaps, and in the 
fermentation of lactic and butyric acid (Lewis Sr., 2007; Steglich et.al, 2000; 
Verschueren, 2000). 
3.2 Experimental  
The chemicals used for the experiments were from a variety of sources. The 
methanol, hydrochloric acid, petroleum ether, and phosphoric acid were from Fisher 
Scientific. The acetone, ethyl acetate, methyl tertiary butyl ether, and silica gel were from 
VWR. The aluminum oxide (cationotropic) was from M Woelm Eschwege. The Nuchar 
carbon was from Kensington Scientific Corporation. The hexane and diethyl ether were 
from Pharmco-AAPER. The sodium hydroxide was from Sigma-Aldrich. The 
diazomethane was made in house. 
3.2.1 Carboxylic Acid Extract 
A carboxylic acid extract was provided by other participants in this project.   It 
was obtained by acetone extraction of Grindelia squarossa followed by an acid-based 
extraction to remove terpenes and isolate the acid components of the original acetone 
extract of the plant.   This dark brown syrup (carboxylic acid extract) was used for the 
following experiments. 




Isolation of grindelic acid from the carboxylic acid extract was performed on a 
Hewlett Packard/ Agilent 1100 series HPLC with a Whatman Partisil 10 ODS-3 column. 
The HPLC method developed to isolate the grindelic acid from the carboxylic acid 
extract is demonstrated in table 3.1.Different wavelengths were monitored to verify the 
 
Table 3.1: HPLC program to isolate grindelic acid 
grindelic acid peak because grindelic acid absorbs UV wavelength 205 and is not 
detected in the chromatogram at UV wavelength 250. 
The sample that was utilized for purified grindelic acid isolation was a 42.8 
mg/mL sample of the carboxylic acid extract in methanol. The grindelic acid peak was 
collected together 10 times. The collected grindelic acid sample was acidified to 
approximately pH 1.5 with hydrochloric acid and 10 mL of water were added. The 
sample was then extracted 3 times with a mixture of 2 mL petroleum ether and 2 mL 
ethyl acetate and the top layers were collected together. From the extracted sample, a 100 
µL sample was removed for analysis to determine approximate purity (sample 
preparation for analysis is described below). The remaining sample from the top layers 
was evaporated using nitrogen evaporation to remove the solvent.  
3.2.3 Decolorization of the Carboxylic Acid Extract 
The carboxylic acid extract (5 g) was dissolved in 150 mL of ethyl acetate and 
approximately 5 g of Nuchar carbon that had been activated in an oven at 200°C for 30 
Flow 3 mL/min
Stop Time 8 minutes
85% methanol
15% .005M phosphoric acid
Injection volume 100 µL
205λ  with bandwidth 16
210λ with bandwidth 16






hours was added (1 g of Nuchar carbon per every 1 g of the carboxylic acid extract). The 
mixture was allowed to sit at room temperature for 1 hour. The Nuchar carbon was 
filtered out and rinsed with 25 mL of ethyl acetate. The filtered sample was poured over 
20 g of silica gel; once the entire sample had passed through the silica gel, the silica gel 
was rinsed with 50 mL of ethyl acetate. A rotary evaporator was used to remove the ethyl 
acetate. 
3.2.4 Analytical 
3.2.3.1 Sample preparation for HPLC samples 
 The isolated grindelic acid samples (100 µL) were methylated with approximately 
1 mL of diazomethane solution. Each sample was evaporated using nitrogen evaporation 
to 0.5 mL and transferred to a GC sample vial and 1 mL of ethyl acetate was added. The 
sample was run on a GC-FID. 
3.2.3.2 Sample preparation for decolorization 
The decolorized carboxylic acid extract syrup (50 mg) was dissolved in 10 mL of 
methanol. Diazomethane solution (6 mL) was added and brought up to 50 mL with 
methanol. The sample was run on GC-FID. 
3.2.3.3 Gas chromatograph- flame ionization detector 
The GC-FID analysis was performed on a 6980N Series GC system with a flame 
ionization detector. The column used was an Agilent 0.53mm I.D. HP-5 with 30 m length 
and 0.88 µm film thickness. The temperature program held at 150°C for 2 minutes, 
ramped at 10°C/minute to 280°C, then held at 280°C for 2 minutes. 
3.3 Results and Discussion 




In order to determine which peak was the grindelic acid peak, a 0.98 mg/mL 
sample of carboxylic acid extract in methanol was run on the HPLC. Figure 3.4 
demonstrates the HPLC chromatogram of the 0.98 mg/mL sample of the carboxylic acid 
extract in methanol utilizing the developed method for isolation of grindelic acid. 
 
Figure 3.4: HPLC chromatogram of the 0.98 mg/mL sample of the carboxylic acid 
extract in methanol utilizing the developed method for isolation of grindelic acid 
The three peaks that eluted at times 5.105, 6.511, and 7.084 while monitoring at UV 
wavelength 205 were collected from the HPLC and analyzed by GC-FID. The peaks that 
were collected are demonstrated in table 3.2. 
 
Table 3.2: The three peaks collected from the HPLC and analyzed by GC-FID 
The collected peaks were analyzed on a GC-FID and compared against a known grindelic 
acid sample. It was determined that the grindelic acid peak was the last peak that elutes 








 By modifying the solvent conditions to 60 percent methanol and 40 percent 
.005M phosphoric acid, it was determined that the grindelic acid peak is most likely three 
separate peaks. Figure 3.5 demonstrates the grindelic acid peak with solvent conditions to 
60 percent methanol and 40 percent .005M phosphoric acid. 
 
Figure 3.5: grindelic acid peak with solvent conditions to 60 percent methanol and 40 
percent .005M phosphoric acid 
However, when the solvent conditions are modified to 60 percent methanol and 
40 percent .005M phosphoric acid, the run time is 25 minutes. In order to minimize the 
length of time it takes to collect the grindelic acid, it was decided that the developed 
method described in the experimental section would be utilized with collection of only 
the second half of the grindelic acid peak to account for the observation of the three 
peaks. Collection of the second half of the peak utilizing the developed method produced 
a grindelic acid of approximately 97 to 98 percent purity by GC-FID. Figure 3.6 
demonstrates the HPLC chromatogram of the 42.8 mg/mL sample of the carboxylic acid 




3.7 demonstrates the GC-FID chromatogram of the 42.8 mg/mL sample of the carboxylic 
acid extract in methanol utilizing the developed method for isolation of grindelic acid 
 
Figure 3.6: HPLC chromatogram of the 42.8 mg/mL sample of the carboxylic acid 
extract in methanol utilizing the developed method for isolation of grindelic acid 
 
 
Figure 3.7: GC-FID chromatogram of the 42.8 mg/mL sample of the carboxylic acid 




3.3.2 Decolorization of the Carboxylic Acid Extract 
The first attempts for decolorization of the carboxylic acid extract utilized 
aluminum oxide (cationotropic) in place of the silica gel. These initial attempts with 
aluminum oxide were unsuccessful. Although color was removed, too much of the 
grindelic acid was removed as well. 
Several other decolorization options were also investigated. For one attempt, 3 g 
of activated Nuchar carbon for every 1 g of carboxylic acid extract syrup was utilized by 
letting the activated Nuchar carbon sit in the sample for one hour at room temp. This 
decolorization had an approximate 77 percent recovery of the original syrup with an 
approximate 80 percent recovery of grindelic acid from the original carboxylic acid 
syrup. Figure 3.8 demonstrates the amount of color removed for this decolorization. 
 
Figure 3.8: Color removed utilizing 3 g of activated Nuchar carbon for every 1 g of 
carboxylic acid extract syrup and letting the activated Nuchar carbon sit in the sample for 
one hour at room temp 
 
In a second attempt, 1 g of activated Nuchar carbon for every 1 g of carboxylic 
acid extract syrup was utilized by letting the activated Nuchar carbon sit in the sample for 




the original syrup with an approximate 91 percent recovery of grindelic acid from the 
original carboxylic acid syrup. Figure 3.9 demonstrates the amount of color removed for 
this decolorization. 
 
Figure 3.9: Color removed utilizing 1 g of activated Nuchar carbon for every 1 g of 
carboxylic acid extract syrup and letting the activated Nuchar carbon sit in the sample for 
one hour at room temp 
 
Another attempt utilized silica gel with the sample poured through. This 
decolorization had an approximate 87 percent recovery of the original syrup with an 
approximate 78 percent recovery of grindelic acid from the original carboxylic acid 
syrup. Figure 3.10 demonstrates the amount of color removed for this decolorization. 
 





Lastly, one attempt utilized 3 g of activated Nuchar carbon for every 1 g of 
carboxylic acid extract syrup by letting the activated Nuchar carbon sit in the sample for 
one hour at room temp and then pouring the sample through silica gel. This 
decolorization had an approximate 69 percent recovery of the original syrup with an 
approximate 81 percent recovery of grindelic acid from the original carboxylic acid 
syrup. Figure 3.11 demonstrates the amount of color removed for this decolorization. 
 
Figure 3.11: Color removed utilizing 3 g of activated Nuchar carbon for every 1 g of 
carboxylic acid extract syrup and letting the activated Nuchar carbon sit in the sample for 
one hour at room temp and then pouring the sample through silica gel 
 
All of the above decolorization processes are viable options; however, the 
described decolorization in section 3.2.3 was chosen as the best option. This 
decolorization had an approximate 74 percent recovery of the original syrup with an 
approximate 76.2 percent recovery of grindelic acid from the original carboxylic acid 
syrup. This was chosen because it utilizes two different decolorizing agents, activated 
Nuchar carbon and silica gel, for removal of varying unwanted compounds and still had 




activated Nuchar carbon. Figure 3.12 demonstrates the amount of color removed for this 
decolorization. 
 
Figure 3.12: Color removed utilizing 1 g of activated Nuchar carbon for every 1 g of 
carboxylic acid extract syrup and letting the activated Nuchar carbon sit in the sample for 
one hour at room temp and then pouring the sample through silica gel 
 
Figure 3.13 demonstrates the GC-FID chromatogram of the carboxylic acid extract syrup 
before decolorization. Figure 3.14 demonstrates the GC-FID chromatogram of the 
decolorization utilizing 1 g of activated Nuchar carbon for every 1 g of carboxylic acid 
extract syrup and letting the activated Nuchar carbon sit in the sample for one hour at 
room temp and then pouring the sample through silica gel. The largest peak is the 









Figure 3.14: GC-FID chromatogram of the decolorization utilizing 1 g of activated 
Nuchar carbon for every 1 g of carboxylic acid extract syrup and letting the activated 
Nuchar carbon sit in the sample for one hour at room temp and then pouring the sample 






3.4.1 Isolation of Grindelic Acid using High Performance Liquid Chromatography 
An approximately 97 to 98 percent pure grindelic acid standard was successfully 
isolated utilizing high performance liquid chromatography. The collected grindelic acid 
standard can be utilized to determine the amount of grindelic acid that has been extracted 
from the Grindelia squarrosa plant. This will enhance the examination for the use of 
Grindelia squarrosa as a candidate as a potential biofuel source which could alleviate the 
demand for nonrenewable fossil fuels.  
3.4.2 Decolorization of the Carboxylic Acid Extract 
A pathway for decolorization of the carboxylic acid extract has been determined 
utilizing activated Nuchar carbon and silica gel. This decolorization process has a 76 
percent recovery of grindelic acid and successfully removed much of the color leaving a 
light amber carboxylic acid syrup. Further examination is needed for the use of the 
decolorized carboxylic acid extract. Its possible use as a substitute for wood rosin and as 
a substitute for abietic acid in a variety of lacquers and varnishes would be beneficial. 
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